Introduction
Numerous structural studies dealing with the geometric and kinematic evolution of fold-thrust belts suggest that frontal parts of a belt experience a single episode of deformation, whereas in the rear portions of a belt the deformation history involves multiple episodes (Wu, 1993; and references therein) . From the geomechanical point of view, a given episode occurs if a threshold value of a rheological parameter(s) is exceeded (e.g., Handy et al., 2001 ). This fact implies that from the hinterland to the far foreland across a fold-thrust belt the value of a rheological parameter such as the differential stress (σ 1 -σ 3 ) should change significantly. For instance, studies in the Appalachian-Quachita mountain belt have documented an exponential decrease of paleostress magnitude (σ 1 -σ 3 ) 2,500 km away from the orogenic front (e.g., Van der Pluijm et al., 1997) . Moreover, episodicity and localization of deformation in orogenic processes may be controlled by changes in rheological stratification of the upper continental crust, which is dependent on the distribution with depth of differential stress (e.g., Ranalli and Murphy, 1987; Handy et al., 2001) .
In tectonically active belts, the magnitude of differential stress can be estimated using geophysical data or measured directly in the uppermost part of the lithosphere (e.g., Whitmarsh et al., 1991) . Alternatively, in fossilized orogenic belts the paleostress magnitude inaccessible to direct measurement can be estimated by using paleopiezometers, which are mainly based on the dynamic recrystallization of calcite and quartz (e.g., Twiss, 1977; Weathers et al., 1979) , and mechanical twinning in calcite (Jamison and Spang, 1976; Rowe and Rutter, 1990) . Calcite-twin-based paleopiezometers have been extensively used to provide paleostress data from deformed carbonate rocks exposed in external portions of mountain belts (Ferrill, 1998 and references therein). Calcite twins mechanically at low differential stress (≈ 10 MPa; see Lacombe and Laurent, 1996) , and is largely independent of temperature. Twinning is possible along three glide planes and calcite strain-hardens once twinned (Teufel, 1980) . Because calcite strain-hardens after twinning, it is generally considered that twinned calcite mainly records strains related to the early stage of the development of fold-thrust belts (e.g. Kilsdonk and Wiltschko, 1988; Ferrill and Groshong, 1993) .
The purpose of this study is to bring new information about the variation of differential stress across the inner parts of a fold-thrust belt (External Hellenides), and to define the way this rheological parameter evolves with depth in the brittle crust. For this purpose, paleo-stress magnitudes were estimated by applying to calcareous samples the paleopiezometric technique of Jamison and Spang (1976) , which is based on mechanical twinning in calcite. Finally, we propose a possibly rheological profile in orogenic scale, and discuss the evolution of syn-orogenic basins, important for hydrocarbon reservoir exploitation in the area, as well as the effect of the orogenic-related rheology on the subsequent active rifting in the area.
Geotectonic framework
The External Hellenides are part of the Alpine orogenic belt, and represent a typical fold-thrust belt (e.g., Xypolias and Doutsos, 2000; Skourlis and Doutsos, 2003; Sotiropoulos et al., 2003) . They are mainly composed of Meso-and Cenozoic sedimentary rocks deposited on a series of platforms (pre-Apulian, PA; and Gavrovo Zones, GZ; Figure 1a ) and basins (Ionian, I; and Pindos Zone, PZ; Figure 1a ). Mesozoic basins and platforms occupied the rifted eastern margin of the Apulia microcontinent, bordering the Pindos Ocean (e.g., Aubouin, 1959; Pe-Piper and Koukouvelas, 1992; Degnan and Robertson, 1998) . The present disposition of the thrust sheets within the External Hellenides resulted from the Tertiary eastward subduction of the Apulian margin beneath Pelagonian (Internal Hellenides) microcontinent (Mountrakis, 1986; Doutsos et al., 1993, Episodes, Vol. 28, no.4 245 by Paraskevas Xypolias and Ioannis Koukouvelas Paleostress magnitude in a fold-thrust belt (External Hellenides, Greece): evidence from twinning in calcareous rocks Department of Geology, University of Patras, GR-26500, Patras, Greece. E-mail: p.xypolias@upatras.gr 1994) . Collision began in Early Eocene times, and continued throughout the Tertiary with westward propagating intracontinental thrusting, following a piggy-back style (e.g., Underhill, 1989; Xypolias and Doutsos, 2000) .
Along-strike variations in both the original paleogeographic configuration and the rigidity of Apulian margin as well as the presence of transverse fault zones have strongly influenced the deformation history of the belt. The northwestern External Hellenides on the Greek mainland are mainly characterized by thin-skinned tectonics (Skourlis and Doutsos, 2003) , while the southwestern Hellenides (Peloponnesus; Figure 1a ) are characterized by both thin-and thickskinned tectonics involving intracontinental subduction within the Apulian margin, which is associated with the formation of high-pressure nappes Xypolias and Koukouvelas, 2001) .
In this study, we focus on the Greek mainland, carrying out sampling of calcareous rocks within the Pindos Zone (PZ) and the Gavrovo (GZ) Zone (Figure 1 ). The pre-orogenic sedimentary sequence of the PZ has an original thickness of 800-1000 m and mainly consists of deep-water carbonates, and siliciclastic and siliceous rocks that were accumulated along the western margin of the Pindos Ocean during Upper Triassic to Maastrictian times (e.g., Degnan and Robertson, 1998) . They are overlain by a Paleocene-toUpper Eocene syn-orogenic clastic sequence (Faupl et al., 1998) . This sequence indicates a thickness variation from 2,000-2,500 m in the rear parts of the PZ to c. 100 m in the frontal and central parts, implying a westward tapering of the sequence (Skourlis and Doutsos, 2003 ). The PZ is internally deformed by a system of west-verging thrust faults which 'sole-out' into a bedding-parallel floor thrust (Pindos Thrust) located at the base of stratigraphic pile. Based on the across-strike changes in style of deformation, the PZ can be divided into three main structural domains: a frontal, a central and a rear domain Skourlis and Doutsos, 2003) . The frontal domain is occupied by a dense array of moderateto high-angle thrust faults ( Figure  1b ; A1-A3). The central domain is characterized by a duplex system bounded by a roof thrust and the Pindos Thrust as the floor thrust. More broadly spaced thrusts of ramp-flat geometry are dominant in the rear domain.
The PZ is tectonically emplaced via the Pindos Thrust over the GZ to the west (Figure 1b ; A1-A3). The GZ constitutes a c. 3,000 m thick shallow-water carbonate sequence of Mesozoic age, and is considered to represent the shelf sediments of the Apulian passive continental margin which passed gradually into the deepwater sedimentary sequence of Pindos to the east (Fleury, 1980) . On the top of the Mesozoic carbonate rocks of the GZ have unconformably accumulated c. 1,800 m thick syn-orogenic clastics of Upper Eocene to Early Miocene age (e.g., Richter, 1976) . The GZ is a mechanically strong and rigid carbonate sequence which generally is internally deformed by very broad spaced thrust faults Sotiropoulos et al., 2003) .
Methods and materials
Thirty-four oriented samples of packstone and wackestone were collected for the purposes of this study. Twenty-two samples were collected from the Cretaceous limestones of the PZ, seven from the upper Triassic limestones of the PZ, and five from the Cretaceous limestones of the GZ. All samples were collected away from zones of intense local deformation (e.g. fold hinges and mesoscopic faults) in order to reflect regional strain patterns. Moreover, they were chosen with a wide spatial distribution (across-strike width c. 80 km, along-strike length c. 150 km; Figure 1b ) to represent the regional deformation in the area. One thin section oriented parallel to transport direction (approximately E-W) and perpendicular to bedding was cut from each sample. In all samples, the calcite grains are characterized by thin twins (twin thickness < 5 µm), which are indicative of calcite deformed below 200˚C (Ferrill, 1998) .
To obtain differential stress magnitude from our samples, we used the calcite-twin-based technique of Jamison and Spang (1976) , because it yields the best estimations for limestones deformed at very low temperature (Ferrill, 1998) . Rowe and Rutter (1990) have proposed another method, which is based on calcite-twin density (twins/mm), but it greatly overestimates the differential stress magnitude in the thin-twinning regime (Ferrill, 1998) . The adopted technique (Jamison and Spang, 1976) relates the differential stress (∆σ=σ 1 -σ 3 ) to a critical resolved shear stress (tc) necessary to pro- The resolved shear stress coefficient (S) can be estimated graphically if the percentage of twinned calcite grains containing one, two or three twin sets in a specific sample is known (Jamison and Spang 1976; their fig. 4 ). The critical resolved shear stress (tc) is experimentally determined at 10 MPa. Critical limitation of the method is the tc value for twinning, which was originally controversial (see review of Burkhard, 1993) . However, the 10 MPa value has been convincingly argued to be correct by Lacombe and Laurent (1996) . The methods also require samples that include randomly orientated coarse-grained calcite and suffered relatively little (twin strain less than 4%) and homogeneous strain. A minimum of around 60 coarse-grained calcites were used in each sample to apply the paleopiezometer of Jamison and Spang (1976) . Table 1 lists the percentage of calcite grains, with one, two or three twin sets in each analyzed sample, as well as the estimated differential stress values. Furthermore, the mean twin density (twins/mm) and the mean twin thickness (µm) were also calculated. The 'mean twin thickness' for a sample is determined by first calculating the average twin thickness for each twin set (twin set average) and then averaging the twin-set averages for the sample. Noted that the thickness is measured as the perpendicular distance between boundaries with the twins rotated to vertical on a universal stage. The twin density (twins/mm) for each twin set is calculated by dividing the number of twins in a set by the width of the host grain measured perpendicular to the twins. The 'mean twin density' for a sample is calculated by averaging the twin-set averages for all twin sets measured in the sample (see also Ferrill et al., 2004 for methodogy). Calcite twin density and twin thickness are directly correlated with twin strain (Ferrill et al., 2004) and therefore used to measure the strain levels in our samples.
Across-strike variation in paleostress magnitude
Point counts of 29 samples from the PZ indicated that c. 70-80% of the calcite grains contain at least one set of twins, and c. 20-30% of the grains contain two or more sets (Table 1) . Calcite grains exhibiting three twin sets were found in six samples. In these samples, the percentage of grains with three sets of twins ranges from 1% to 4%. Analysis of samples from the GZ revealed that twinned crystals display at least one (c. 60-70%) and occasionally two sets (7.5-15%) of twins. The measured frequency of calcite grains twinned by two or three sets yield differential stress magnitudes ranging from 63 to 113 MPa for the PZ and 47 to 60 MPa for the GZ (Table 1) .
In order to examine the across-strike variation of paleostress magnitude in both PZ and GZ, we constructed a graph showing the distribution of differential stress vs. distance of samples from the Pindos front (Figure 2a) . The structural distance was measured parallel to the transport direction of the belt (approximately E-W). The results from the PZ indicate a systematic reduction of differential stress as the Pindos front is approached from the east. In more detail, the ∆σ value decreased from c. 110 MPa at a projected distance of around 50 km to c. 70 MPa at a distance of 5 km from the Pindos front. However, five samples (3, 6, 19, 20, 21) collected from the outermost part of the frontal domain imply a remarkable increase in differential stress magnitudes from 70 to 113 MPa within a distance interval of around 4 km (Figure 2a) . Based on the empirical diagram suggested by Ferrill et al. (2004) , correlating the ratio of twinned to untwinned calcite crystals (mean twin thickness × mean twin density) with the twin strain, it seems that all these five samples (3, 6, 19, 20, 21) are characterized by calcite twin strain more than 4% ( Figure  2b ). Given that the applied calcite-twin method tends to overestimate stress magnitude for twin strain higher than 4% (e.g. Jamison and Spang, 1976; Burkhard, 1993) , it is reasonable to assume that data from these five samples do not reflect a reliable increase in differential stress magnitude. Based on field evidence, it seems that the recorded high twin strain within these samples resulted from penetrative and strong deformation due to a dense thrust system in the frontal domain of the PZ (Figure 1b) . Moreover, it is noteworthy that samples collected from the same projected distance record nearly the same stress levels (e.g., 1, 5, 15 and 2, 18, 22; Table 1, Figure 2a) , implying negligible along-strike variation of paleostrss magnitude in the PZ. With the exception of the outermost part of the frontal domain in the PZ (0-4 km; Figure 2a) , the observed along-strike variation in differential stress is on the order of 15 MPa.
Distribution of the obtained ∆σ values within the GZ seems to follow the above-described tendency of westward reduction in differential stress (Figure 2a) . The paleostress magnitude is c. 60 MPa close to the Pindos front (Figure 2a ; sample 33 at a distance of 4 km) and decreases slightly toward the west, reaching a value of around 50 MPa at a distance of 16 km.
Paleodepth of deformation
Several interpretations of the temporal relationship between the calcite twinning process and the evolution of thrust belts suggest that mechanical twinning of calcite mainly occurs during the early stages of tectonic history and is primarily achieved by layer-parallel shortening (e.g. Kilsdonk and Wiltschko, 1988; Ferrill and Groshong, 1993) . Therefore, the differential stress (σ 1 -σ 3 ) magnitudes recorded in this study, which are inferred from calcite twinning, seem to reflect paleostress during the early stages of folding and thrusting within PZ and GZ. A recent study of the External Hellenides (Kokkalas et al., 2003) has demonstrated that during the initial stages of folding the maximum principal stress axis σ 1 was subhorizontal and parallel to the dip direction of bedding (E-W), the intermediate axis σ 2 was nearly vertical and perpendicular to bedding, while the minimum σ 3 Table 1 Calcite twin data and paleostress estimates for calcareous samples from the Pindos and the Tripolitza Zones.
was parallel to fold axis (N-S). In addition, the above study has shown that in this stress pattern the magnitude of principal stress axis σ 2 and σ 3 is equal. For an analogue stress regime in Taiwan fold-thrust belt, Lacombe (2001) suggested that during the early stage of thrusting the σ 2 (~ σ 3 ) value should equal the effective weight of sediments (σ v , normal stress) over the sampled rocks.
The σ 3 (~ σ 2 ) value can be evaluated using the Coulomb failure criterion for intact rocks based on experimental deformation in limestones (see Lacombe and Laurent, 1992) . For instance, constructing a Mohr circle of diameter 110 MPa, which corresponds to the estimated differential stress magnitude (σ 1 -σ 3 ) for the rear domain of the PZ (Figure 2a) , and fitting it to the failure curve, we obtain σ 3 ~ 24 MPa (Figure 2c ). Following the same procedure for the rocks collected from the frontal domain of the PZ (average ∆σ = 70 MPa; Figure 2a ) and the GZ (average ∆σ = 55 MPa; Figure 2a ) we estimate σ 3~ 7 MPa and 5 MPa, respectively (Figure 2c) .
Equalling the magnitude of the calculated vertical stress σ 2~ σ 3 with the effective weight of overburden σ v, then the thickness (z) of sediments over the sampled calcareous rocks can be estimated by using the following relation (e.g., Sibson, 1998) 
where ρ is an average rock density (2600 kgr/m 3 ), g is the gravitational acceleration (9.8 m/sec 2 ) and λ is the pore-fluid factor (pore fluid pressure/lithostatic pressure). The value of pore fluid factor (λ) is difficult to prove, however, as there is no evidence in the form of hydrofracturing or other features (e.g. Kokkalas et al., 2003) to suggest a near lithostatic (λ=1) fluid pressure within the studied rocks. Therefore, assuming for the PZ a pore-fluid pressure close to hydrostatic (0.4 < λ < 0.7), which is a rational magnitude for a fold-thrust belt (e.g. Davis et al., 1983) , the above equation reveals that the Cretaceous limestone was buried under 2,400 (±800) m of overburden (syn-orogenic clastics) in the rear domain and 600 (±300) m in the frontal domain of the belt during the early stages of thrusting. For a similar pore-fluid factor, the above equation consequently implies a cover thickness of about 500 (±150) m over the sampled Cretaceous calcareous rocks of the GZ.
The above paleodepth estimates within the PZ are consistent with stratigraphic data suggesting a decrease in thickness of synorogenic sequence from c. 2,500 m at the rear domain to c. 100 m at the frontal part of the belt. The observed consistency implies that the accumulation of syn-orogenic clastics on top of Mesozoic rocks predates or was synchronous with the early stages of thrusting within the PZ. The difference between the estimated (c. 600 m) and the stratigraphically-recorded thickness (c. 100 m) of this sequence at the frontal domain of the belt possibly indicates erosion of the sequence at the toe during later stages of deformation.
Regarding the GZ, it seems that there is a significant difference between the estimated (c. 500 m) and the stratigraphically-recorded thickness (c. 1,800 m) of syn-orogenic clastic sequence. Our data imply that only a minor amount of clastics was deposited over the Mesozoic carbonate at the early stages of thrusting within the GZ. Therefore, it can be assumed that the remaining volume of clastics accumulated during an advancing stage of thrusting. This hypothesis is in agreement with previous studies in the area, emphasizing that rocks of the Klokova anticline (Figure 1b ; A1-A3) were exposed at the Earth's surface during the deposition of the lower stratigraphic horizons of the syn-orogenic sediments, which have a thickness of about 300 m (Sotiropoulos et al., 2003) . Given that our samples were collected from the Klokova anticline (samples 30-32; Figure 1b) and structural equivalent areas in the north (samples 33, 34; Figure 1a) , we consider that our assumption is reliable.
Discussion

Comparison with other orogens
Differential stress magnitude, as estimated by twinned calcite in carbonate rocks of the External Hellenides, steadily decreases from ~ 110 MPa at the rear domain of the PZ to ~ 50 MPa at the GZ (Figures 1b, 2a) . Therefore, the observed foreland-ward (westward) reduction in differential stress is in the order of ~ 60 MPa, and is achieved within a distance of ~ 80 km away from the plate boundary zone between the Apulian and Pelagonian microcontinents (Figures  1b, 2a) . The paleostress distribution obtained in the present study for the External Hellenides appears to be comparable with pattern within other orogens. For instance, orogenic stress data inferred from twinned calcite in limestones in the foreland domains of both the Appalachian and Sevier orogens suggest that differential stress magnitude rapidly decreases from ~ 100 MPa at the orogenic front tõ 45 MPa at 100 km inland (e.g., Van der Pluijm et al., 1997) . Generally, the results of our work also fit the logarithmic relation (∆σ = -10lnD + 92) suggested for the above-mentioned orogens and correlate distance (D) from the orogenic front with differential stress magnitude (∆σ). Furthermore, differential stress in the External Hellenides resembles data from the South-Aquitaine Basin, suggesting a similar drop of differential stress magnitude from the Pyrenean orogenic front toward the foreland (Rocher et al., 2000) .
Recently, Lacombe (2001) emphasized that the overall decrease in differential stress from the hinterland to the foreland not only reflects tectonic stress attenuation away from a plate boundary but also suggests a major control by the depth of deformation. Compilation of stress data from various orogenic systems (Figure 3a) implies that sedimentary rocks in fold-thrust domains are deformed at depths between 300 m and 4-5 km under differential stress values between 30 and 140 MPa. Moreover, these data define two stress-depth gradients (gradients A and B in Figure 3a ) of natural differential stress values at depth. Examining the obtained paleostress and paleodepth values of this study with respect to two stress-depth gradients in Figure  3a , it seems that both the PZ and the GZ follow the gradient B, which is consistent with frictional behaviour of the upper crust under nearly hydrostatic conditions obeying the law of friction (e.g. Brace and Kohlstedt, 1980) . This finding indicates that the assumption for nearly hydrostatic fluid pressure in the PZ and the GZ is reliable.
Stress-depth profile
Based on the above-mentioned comparison, we suggest that during the development of the External Hellenides the mechanical strength of the belt was governed by the law of friction for the thrust regime with friction coefficient of around 0.75 under nearly hydrostatic conditions (∆s = 3ρgz0.6; Sibson, 1974) . This fact, in combination with rheological data derived from the lower structural levels of the External Hellenides (Xypolias, 2001; Xypolias and Koukouvelas, 2001 ) in northern Peloponnesus area (Figure 1a) , enables us to construct a stress-depth profile showing the rheological stratification in the Hellenides (Figure 3b) . Deformation of Phyllite-Quartzite Unit (HP/LT rocks in Figure 1a ) underlying the GZ in Peloponnesus is dominated by dislocation creep (Xypolias and Koukouvelas, 2001) . Thus, its mechanical behaviour is governed by a non-linear viscous law: ∆σ = (ε/A) 1/n exp(Q/nRT), where ε denotes the strain rate in s -1 , A is a rock-specific parameter; n is the power-law exponent, Q is the activation energy, R is the gas constant, and T is the absolute temperature (Ranalli and Murphy, 1987 , and references therein). In the proposed profile (Figure 3b) , the viscous-creep strength of the rocks is based on the law of flow for dislocation creep of quartz derived by Paterson and Luan (1990) , assuming strain rates of 10 -13 and 10 -14 s -1 (e.g., Xypolias, 2001) . A geothermal gradient of 20˚C/km, which is reasonable for a convergent setting, is also used, adopting temperature and pressure estimates for metamorphic rocks of the northern Peloponnesus (375±25˚C, 5kbar; Katagas et al., 1991) .
On rheological profiles, the change from brittle frictional to dislocation creep deformation represents the brittle-ductile transition (Ranalli and Murphy, 1987) . As illustrated in Figure 3b , this transition for the study area occurs at a shallow depth around 9-10 km, Episodes, Vol. 28, no.4 dependent on strain rate. Similar depths for brittle-ductile transition have also been recorded in other orogens like the mountain range of the central Iberian Peninsula (Tejero and Ruiz, 2002) . Taking into account that the PZ and the GZ in central Greece have a combined structural thickness of 6-8 km (Figure 1b , A1-A3), it seems that the basal decollement of the External Hellenides, at least at the rear part of the belt, is located close to the brittle-ductile transition. Recent seismological data from the southern part of the study area (Latorre et al., 2004; their fig. 16d ) indicate a large-scale sharp vertical increase of seismic velocities at a depth of c. 7 km, which correspond to the basal decollement, and a strong concentration of seismicity, related to active rifting in the area, at a depth of c. 9 km. On the base of both our rheological profile and the above geophysical findings, we argue that the brittle-ductile transition was located at a depth of around 9-10 km during compressional movements from the Eocene to the Middle Miocene, and remained almost at the same depth until the present day. Based on this conclusion, we suggest that some features of the Alpine orogeny in Greece, like the brittle-ductile depth, control the present-day extension, at least in the study area.
Concluding remarks
Determination of paleostress magnitude based on twinned calcite in carbonate rocks of the Pindos (PZ) and Gavrovo (GZ) Zones of the External Hellenides shows a systematic decrease of differential stress (σ 1 -σ 3 ) from ~ 110 MPa at the rear part of the belt close to the collision zone between the Apulian and Pelagonian microcontinents to ~ 50 MPa at 80 km inland. The levels of paleostress magnitude within the External Hellenides and the obtained drop of this quantity toward the foreland are comparable with paleostress distribution in the front of other orogens such as the Appalachian and the Northern Pyrenean.
Estimates of the paleodepth of the sampled carbonates during the initial stage of thrusting revealed a variation in thickness of the overburden syn-orogenic clastics from c. 2,400 m in the rear domain of the PZ to c. 600 m in the frontal domain, indicating a westward tapering of the sequence similar to that recorded by stratigraphic data. This fact possibly indicates that the accumulation of synorogenic clastics on top of Mesozoic rocks predates or was synchronous with the early stages of thrusting within the PZ. In the case of the GZ, a significant difference between the estimated paleodepth (c. 500 m) and the stratigraphically recorded present thickness (c. 1,800 m) of the syn-orogenic clastic sequence is recognized. This difference enables us to assume that the major volume of synorogenic clastics accumulated over the Mesozoic carbonates of the GZ during an advancing stage of thrusting. This interpretation is compatible with published works on the area. Therefore, our application implies that paleodepth estimates are structurally sensible and particularly useful for retrieving information for the evolution of syn-orogenic basins.
Comparing our results to available information on the distribution of paleostress magnitude with depth in compressional settings at the upper crust, it appears that the mechanical strength of the cover thrust sheets of the External Hellenides is governed by the law of friction under nearly hydrostatic conditions. Based on this finding and published rheological data for the mechanical behaviour of the deeper structural levels of the External Hellenides, a rheological profile is proposed. According to this profile, the brittle-ductile transition occurs at a depth of around 9-10 km, slightly deeper than the basal decollement of the External Hellenides in central Greece, which are located at a depth of 6-8 km. 
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